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PROBLEM

I:xplore the application of fiber-optic and integrated-optical-circuit
(10C) technology to Dol) problem areas in aircraft, shipboard. undersca.
and land-based sysiems. Assess the capability ol fiber-optic transmission
lines. using both 10Cs and discrete sources and detectors, to meet the
requirements of electromagnetic interference (EMD) rejection. size, weight.
switching, and bandwidth in military systems. Advance the state of the art
in material and device physics and techniques in the fabrication and evalua-
tion of 10C components. Establish the feasibility of using fiber-optic and
10C technology for secure (nonradiating), radiation-resistant, and EMI-free,
multi-GHz communication systems on military platforms. including ship,
aircral't, undersea, and land-based operations.

RESULTS

Applications assessment studies and a preliminary cost-benefit anal-
ysis indicate arcas of definite performance gains and cost savings from use of
fiber-optic/10C tech 1ology. particularly in avionics systems. Progress in
fiber optics has made possible the use of conventional off-the-shelf discrete
components in existing and proposed systems with immediate applications.
Proposed fiber-optic/1OC systems offer size. power, and reliability advantages
as well as the capabilities of high-capacity, point-to-point and data-bus-
multiplexing systems. Progress has been made in 10C technology, particularly
modulators for use in wide-bandwidth systems. Several unique 10C devices
have been investigated which promise utilization of the extremely wide
bandwidth and information-carrying capability of single-mode fiber-optic
waveguides.

RECOMMENDATIONS

I. Develop prototype fibe r-optic links for all platforms in DoD
applications.

2. Perform research and development in the areas of fiber-optic/I0C
systems for high-capacity point-to-point links and data-bus-multiplexing
applications.

3. Continue research and development in 10C fabrication techniques,
particularly diffusion and 10C-device physics for components such as
modulators. waveguide couplers, switches, and input/output couplers.
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INTRODUCTION

The tabrication of miniature salid=state optical components and
thin-Tihm waveguides to connect them on semiconductor or diclectric sub-
strtes is becoming teasible with the advancement of such disciplines as the
material sciences. quantum electronics, and guided-wave optics. Integrated
optical components — sources, detectors, modulators. and various coupling
clements — on one or more tiny substrates will comprise systeras much
smaller in size and weight than optical systems employing discrete com-
ponents. The new systems will be much less susceptible to environmental
hazards. such as mechanical vibrations, extremes in temperature, and electro-
magnetic luctuations, because of their small size and packaging density. In
addition. wideband active components, such as waveguide electro-optic
modulators. will be able to operate at very low power levels because ol the
small dimensions involved.

Guided-wave optical components have found an important potential
use in thie area of optical communications because ot the recent progress in
the tabricition of single-mode tiber-optic waveguides with very low losses.
IFiber-optic waveguides with losses as low as 4 dB/km at 0.85-pm and

I 06-um wavelengths (for GaAs and Nd-YAG lasers, respectively ) and with
single-mode tibers having anticipated bandwidths as high as 10 GHz tor a
[-km length immensely widen the horizon of optical communications.
However. devices must be developed to couple energy efficiently with the
fibers and to process the optical information efficiently at rates approaching
the bandwidth capacity ¢i the ribers.

Integrated optics will perform a number of functions in the arca of
wide-bandwidth optical communications. They include rapid modulation
and switching by guided-wave elements using applied fields to eenerate stall
clectro-optic or magneto-optic index changes. coupling, Tiltering ol signals,
light detection by p-n junctions or other structures in thin tilms. and light
generatior: by thin-film laser clements.

Fiber-optic-waveguide systems will offer significant advantages lor
military information transler, both immediately. with discrete components
and multimode libers. and in the future, with single-mode fibers and inte-
grated optical elements. These advantages include Treedom Trom electro-
magnetic interference (EMD), elimination of grounding problems. and
increased security (no signal leakag2). as well as the potential tor large
size, weight, power consumption, and cost savings. In addition to high-
capacity point-to-point communications. a major interest in integrated
optics from a military standpoint is the potential for implementing a Tiber-
optic-transmission-line, multiterminal (data bus) multiplexing system through
low-loss coupling and modulation clements. This will provide isolated-
terminal. redundant information traaster, thus Facilitating the truly modular
(including distributed computer) command control and communications

system.




The objective of the program reported here is to advance the
material and device physics of integrated optics for military applications. to
establish in concert with other Navy and DoD) programs a continuing
assessment of system requirgments and cost-benetits for R&D investiients
in cach application arca. and to produce prototy pe optical elements and
subsystems thart are mimed at satisfying these reguirements. The work on
the progrim that was performed at Naval Electronies Laboratory Center
(NFLO)Y and on contracts administered by NELC was in the areas of
integrated-optical-circuit (1OC) applications assessment. materials tor 10C
devices and substrates, pattern tabrication. theoretical analy sis. components,
and system concepts,

Specifically . NELC addressed applications assessment. problems of
material and device physics. and the development of novel fubrication tech-
niques for integrated-optic components,  Investigiations were centered on
the fabrication of waveguides and waveguide electro-optic modulators.
Hughes Research Laboratories (HRLY performed work in high-precision
pattern delincation and fabrication technigues suitable for integrated opuical
components and systems in #lass and polymer filns. C. Yeh at the University
of Calitornia at Los Angeles (UCLA) continued theoretical calculations of
the properties of optical waveguides with arbitrary refractive index VITLIONS
as would be found in physically reahizable waveguides. J. H. Harris at the
University of Washington addressed the problem of efficient coupling of
light and clectrical energy into and out of integnited-optic contigurations.
critical area of concern for practical 10C reatizations. Reserence 1 describes
the results of this program during the period F April 1972 1o 30 September

1972, This report covers progress from | October 1972 10 31 March 1973.
including. in snecession. the general arcas of applications issessment. cost-
benetit analysis, and nurterial and device physics.

APPLICATIONS ASSESSMENT

The emphasis in this program is on applications of fiber-optic-
waveguide svstems to military mfornuation transfer. Present-day fiber-optic
communication technology. involving multimode fiber-optic bundles and
discrete semiconductor sources (light-emitting diodes. LEDs) and detectors
(siiicon PIN diodes). received great stimukation and impetus from the
aunouncement in November 1970 by Corning Glass Works of glass-fiber
wavegtides with 20-dB/km attenuation tcommerciab-grade fibers had about
1000 dB/km). Since then, military systems applications have been studied
and a number of feasibility demonstrations made (rel” 2). These have
pointed up dramatic performance and cost advantages for a wide runge of
potential system applications. The important properties of fiber-optic
transmission lines are:

1. 1Ml and cross-talk immunity

2. Security  no signal leakage
2. Noclectrical ground problems




4. No sbort cireuits
No ringing probiems

6. Large bandwidth Tor size and weight

7. Small size. light weight, Nexibility  ease of installatian

8. Low cost

9. High temperature tolerance (500 to 1000°C)

10.  Salety in combustible arcas

11. High tensile strength

12, No copper (strategic material)

13, Potential nuclear-radiation resistance

] A major technology develapmeant cffort to optimize and quality present
liber-optic companents, aibles, saurces, detectars, and connectars is beirg
planned Tor the Navy and Dab). The present status of multimode tstep indey)
nibers is shiown in table . Cammercial LEDs and detectors, while not yvet
adapted or optimized Tor fiber aptics, can be used today, Data rates af com-
mercial LEDs range up to about 40 Mbits/sec.

TABLLE 1. PROPERTILS OF FEBER-OPTIC MULT!MODE WAVEGUIDES
(CORNING GLASS WORKS).

Sugle Fiber

Loss 2dB’km (near IR)
Length >4 km (lnmit not established)
Data rate (imcoherent source) S0 Mbits/see-km
Tensile strength 120.000 Ib/in.3
Quier diameter 125 pm (0,005 ) (not entical)
Minimum bend radius 3 mm
Splice loss (Bell Lahy) 0.5 dB
Bundles  PVC Jacket
Length 330 m (limit not established)
Loss
Delvered 10 Navy (NELC) 80 dB/km
Reporied 30 dB/km
Splice loss 1.5 dB

Based on considerations af size, cost, pawer requirements, and relia-
bility, gattium arsenide LD sources and sificon PIN detectars are the choice
for use in many present fiber-optic communication applications. Alter the
choice of sonree and detector has been made. the main tradeolls involve
signal bandwidth, transmission line length, and liber-optic attenuation Fac-
tor. Results ol a calcuiation (rel 3) ol the maximum Fiber-optic attenmuition
Tactor (in dB/km at 9000 A) consistent with a particular length-bandwidth
requirement are given in table 2. A signal-to-noisc ratio al 30 dB Tor the
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TABLE 2. MAXIMUM FIBER-OPTIC ATTENUATION FACTOR
(N dB/km) CONSISTENT WITII A PARTICULAR
LENGTH-BANDWIDTH REQUIREMENT.

Length
Bandw:idth 50m 300m 1000m
4 kHz analog 1100 180 50
S MHz analog 550 90 25
2 Mbits/sec¢ PCM 800 130 40
10 Mbits/sec PCM 600 100 30
S0 Mbits/sec PCM 500 80 20

analog signals and an error rate of 10~7 Tor the digical signals was assumed.
According to this table. attenuation factors in the 500-to-1100-d B/kin range
will he required tor aircraft applications (maximum distance: ~50 m) and in
the 80-10-180-dB/km range for naval vessels (maximum distance: ~300 m).

The development ol 1OCs Tor use with the single-mode. wideband,
liber-optic waveguide will sharply increase the performance capabilities and.
henee. the scope of potential military usage. In addition to the general
benelits enjoyed by thie present-technology fiber-optic systems. the 10C
(plus single-mode Tiber) systems promise:

1. Smaller size and weight and lower power reguirements

| ]

I-Fricient frequency (color) multiplexing

‘s

Very-low-loss (0.5 dB) couplers
4. Multipole switching

Greater bandwidth (10 Gz tor 1 km)

‘N

6. Bateh tabrication cconomy
7. Reliability

Conscquently, 10C communication Finds anticipated Do applica-
tions in point-to-point links on every platform  aircraft. ship. kand. and
underseia. These 10C systems could also function with point-to-point
multiplexing techniques in time. Trequency. or space (one channel per fiber)
division. Both analog and digital inTormation. including audio. video. data.
radio. radi r. and electronic-intercept information. could be handled by 10C
svstems. Naturally. not alt applications will utilize the bandwidth capacity
ol 1OCs: many will capitalize on other Features, such as their small size, low
power. switching capability. cte.

System applications Tor general tiber-optic communications are being
studied, and the following considerations Tor the dilTerent military platlorms
have emerged.




AVIONICS APPLICATIONS

The arca of avionics data transker is likely to be the first major
beneliciary of fiber-optic technology. Present problems in this arca are,
naturally. weight and size of wiring, EMI, cross talk. vulnerability . and lack
of Nexibility of cable harness configurations. These problems are further
accentuated in high-performance and surveillance aircraft, such as lighters.
VSTOL aircralt, and reconnaissance and antisubmarine aircraft. In these
casas, the density of electronic equipment is high, and component-density
requirements continue to increase. Such problems are made even more
severe by the high cost of wiring and installation, maintenance, and
modifications.

Point-to-point applications would certainly be the nearest-term use
of Tiber optics. There would be advantages in simple one-for-one substitution,
but the most effective scheme would be in multiplexing in cither time,
frequency. or spice. A sizable fraction of the present data-handling needs
could be accommodated by 10-MHz links less than 100 m long. and most of
these requirements can be met today. If point-to-point fiber links with
multi-G1z bandwidths were avaitable. they could handle much of the radio.
radar, and ¢lectroric-intercept data.

An A-7D circraft containing navigation and weapon-delivery
clectronic systems has been evatuated For replacement of some 300 point-to-
point wire links between systems by approximately 50 fiber-optic ines using
a degree of time-division multiplexing. Decreases are estimated in weight
and cost upon rewiring of the navigation and weapon-delivery systems in an

- aircralt of this sort. The total weight would be down by about 30 kgm
(70 Ib). Although the total parts cost would also be reduced by nearly S6000.
the weight reduction is more significant when one realizes that payload weight
penatty costs are $2000 per kilogram ¢ S1000 per pound) or more over the life
cyvele ol a high-performance aircraft.

The concept ol data-bus multiplexing. which is vital to Tuture avionics
systems. will be discussed separately later in this report.

SHIPBOARD APPLICATIONS

Shipboard interior communication has many problems in common
with those of aircraft, and, atthough weight and size are less critical in conven-
tional ships. they are quite important in high-performance surface cralft, such
as air-cushion ships and hydrofoits. Further, F'MLand electromagnetic comn-
‘ patibitity within the ship is a serious problem. A number of applications
are practical today, such as the transter of voice. video. and computer data
with fiber optics.

An application ol fiber optics presently being pursued is secure
: communications involving command control information. A six-station
telephone system using fiber optics is being fubricated for shipboard
demonstration and evaluation. Substitution of « nitical fiber cables eliminates
the signal radiation which occurs from all electiic . transinission lines and
makes such a telephone system more secure. A second demonstration

o ¢ T



svstem for shipboard use will be a closed-circuit TV link using wideband FM
and long. low-loss Tiber optics. This application will emphasize the EMI
immunity and lack ol signal radiation of the fibers. Over a year ago. links
were developed and engineered tor the Precise Time and Time Interval
System to distribute clock pulses within a ship or shore station: these await
deployment of the total system. Finally, computer data links have been
fabricated Tor use in systems such as the Nuval Tactical Data System and the
Message Processing Distribution System.

UNDERSEA APPLICATIONS

Undersea fiber-optic applications emphasize the need for medium to
very-long lines (some being much in excess ot a kitometer) and. therefore,
the need for very low losses. In addition to telecommunications, there are
potential applications for both towed and stationary acoustic arrays. Tor
tethers to various sensors and submersible vehicles, and for penetrations in
submarine hulls. Bandwidths range from a Tew kliz to tens of Mz,

In the towed array ., the size constraints are severe on the cable design.
The cables should be as small in diameter as possible to reduce the dragand to
case the deployment problem. Further, there s the need for approximately
neutral bouvaney in such a cable. There is also the need for reasonable band-
width  sav. 10 MHz — over the cable length. since. for even the low-Trequency
data one would get Trom a hydrophone array. such bundwidths are required
for taithtul transmission of information. Fiber optics. with its bandwidth
and size advantages. can have o major impact on such undersea cables.

Fiber optics can also be utilized undersea for the redesign of the
hull penetrators for electrical input-output to a submarine. Typically. there
are a large number of Teed-throughs in the hull which can have multiple
electrical conductors. The desire to mimimize the number of holes in the
pressure hull leads to consideration of an optical port which would be much
smaller than the standard electrical one and possess greater bandwidth,
Such a design has successfully undergone pressure tests at 1400 kgm/cm:
(20.000 lh’in.-’-) at the Naval Undersea Center, and should offer additional
benetits in rehability.

LAND-BASED APPLICATIONS

Expected kmd-based uses of fiber optics include both strategic and
tactical communications. I addition to long-distance telecommunications
requiring maximum bandwidth and minimum attenuation, there are links in
which the EMIEimmunity is crucial, some in which nuclear-radiation
resistance is needed. and others in which the absence of signal rachation from
the Tiber optics is important. Tactical applications would naturally take
advantage ol weight and size savings in portable systems, and include com-
mand control systems for Army and Marine Corps command posts. Typi-
cally. these command posts include some dozen or more huts containing
communication. radar. data-processing. and display equipment. all of which




would Trave to be transported by plances, helicopters. trucks. ete. These huts

are presently linked together over distances of tens of meters or more with

large amounts of copper cables the weight ol which, it is estimated. con- |
stitutes about hal¥ of the total system weight. Application ol Fiber optics

to these point-to-point links with some multiplexing would result in
dramatic weight and size savings and eliminate cross talk, ground loops, and
FME Bandwidth requirements are typically in the 10-MH7 range Tor present
F svstems.

DATA-BUS APPLICATIONS

An application arca ol major potential impact to DobD is that ol the
data bus  a siogle transmission line that carries many different multiplexed
signals and serves a number ol spatially distributed terminals. In avionics.
there are strong trends toward increased microminiaturization (medium-
scale integration, MSL and large-scale integration. LS, digital processing.
and system integration; these naturatly point toward datia-bus systems that
are increasingl evident in the design of new military aircralt, such as the i

——

=14, I-15. and B-1 generations (ref ). Althongh these trends are strongest
in avionics systems, they are also growing in the shipboard arca, particularly
with the advent ol high-performance surlace cral't and advanced ship con-
cepts stressing modutarity on both function and construction levels (rel 5).

These requirements on both shipboard and aircralt platforms
naturally imply system-level data-bus multiplexing because ol several
important properties. The data bus provides a truly modular communication
system where, with standard interFaces at the terminals, vanous clectrical
subsystems can be plugged in or pulled off. A data-bus system can be less
expensive to install and maintain, jighter in weight and smaller in size, more
rehiable. casier to modily and expand, and less valnerable to damage than
systems based on point-to-point links. For example. it has been shown that
multiplexing and system-level data busing on the planned B-1 bomber will
result iv the climination ol 53 km (33 miles) ol wire and a savings ol 1600
kgm (2000 th) in take-ofT weight (rel 6).

The realization of practival data-bus systems is largely a result of
recent advances in compact and inexpensive multiplexers and demulti-
plexers. However, inadegiacies of the transmission line - generally a
coaxial cable in present-day data-bus systems — can limit the number ol
terminals. bandwidths, reliability, and error immunity of the data bus.
Susceptibility to reltections and ringing. cross talk, M1, ground-level
voltage shilts, and fire damage. as well as bundwidth limitations, are short-
comings of coaxial cable which are aggravated by the stringent requirements
ol the data-bus system. lrurthermore. the technology of clectrical trans-
mission lines reached maturity decades ago — the coaxial cable ol today 1s
not much dilterent from that of 1950 and there is little chance ol major
_ improveiment in this area.

] The fiber-optic transmission ling is a strong candidate to replace
clectrical lines in data-bus systems ol the Future, both in the near term
(multimode single fibers or bundles) and lar term (single-mode fibers).




The bandwidth of multimode Fiber-optic lines is orders ol magnitude higher
than that ol coaxial cuble of comparable size and weight. Properly designed
couplers, junctions, and terminations should negate the eitects of reflection
and ringing in liber-optic lines. The use ol opague jucketing or ol an opaque
second cladding Layer on individual Fibers will eliminate PV and cross talk.
Ground shifts cannot oceur because of the electrical isolation of terminals
provided by tiber optics. Naturally. the general characteristics of fiber optics
will be obtiined also.

Avionivs data-bus systems range up to about 80 m in length. With
bandwidths in the 10-M1iz region. it is estimated that they could handle
some 907 of the present information-transfer requirements. Shiphoard
systems typically extend to 300 m. and with 300-Milz bandwidths they
could handle most ol the low-frequency information fow. In both cases.
shipping of sensor information (radar. electronic warbare. et extends the
pandwidth needs into the 10-Gliz-or-higher range. Analysis of proposed
data-bus systems with 10 or more terminals indicates that insertion foss at
the aceess coupler is a critical Tactor and fow-loss Tiber lines will he required
(<100 dB’km on aircraft and <20 dB/km aboard ship).

COST-BENEFIT ANALYSIS

In view of the number of application arcas that give increasing
importance to fiber-and integrated-optic communications in Dol research
and development. it is appropriate to examine the expected benefits of the
new technology on as quantitative a Dasis as possible and to compare the
value of the benelits in some meaninglul way with expected R&D
expenditures.

The purpose of this section is to develop a set of guideines for
performing a cost-henefit analysis tor Tiber-optic communications tech-
nology and to present some prelimmary results Tor specilic application arcas.

METHOD OF ANALYSIS

The net present value (NPV) method will be used to make a quan-
titative comparison of alternative strategies Tor rescarch and development
funding. The NPV of a future investment equals the discounted value ol
benelits minus the discounted value ol costs:

= e =G
NPV = |
i= ] (1 +d)
where
d = discount rate
b, = value ol benefits in year i




value of costs in year i

.
I

Z
i

length of period (in years) for which costs and benelits are
computed

For the purpose of this analysis, benefits and costs will be expressed in

1973 dollars. A discount rate of 87 (the official DoD rate of 127 minus a
47 inflation factor) will be assumed. Benefits and costs will be computed
for a 20-year period (N = 20), beginning with fiscal year 1974. Costs will
mclude expenditures on R&D in (1) components (fiber-optic transmission
lines, optical sources, detectors. integrated optical circuits), (2) development
of clectro-optic modules capable of interlacing with standard equipments,
(3) development of suitable packaging techniques for components and

modules. (4) writing of MIL-SPECS, and (5) MIL qualification ol components

and modules. Three different hypothetical R&D investirent policies wiil be
compared: (A) high level of effort, $3.0 million/year for 6 years: (B) low
level of effort. $0.8 million/year for 12 years: and (C) no effort. For cach
assumed investment policy . benefits will be estimated for cach of a number
ol potential fiber-optic applications. The net present value of benefits will
be caleulated and compared for cach of the policies.

SUMMARY OF PRELIMINARY FINDINGS
Table 3 summarizes the findings of the NPV comparison to date.

TABLE 3. COMPARISON OF NET PRESENT VALUES OF BENEFITS
OF 1IYPOTHETICAL INVESTMENT POLICIES.

Present Value of Benefits, S million

Application Policy A Policy B
Arrcraft point-to-point 39 s
Ship point-to-point 25 1.5
Aircraft data bus 92 42
Ship data bus 10 5
Towed array 1.6 0.7
Submersible cable (<10 kin) l6 7
Submarine hull penetrator 10 6

Total 171 84
Present Value of Costs 13 5.3
Net Present Value of Benelits 158 79

It is emphasized that these figures are of a preliminary nature. Some of the
potential applications of liber-optic communications, such as long-line
telecommunications links. stationary array lines. and tactical data and com-
munications links. are not yet included in the calculations of benetits




because of lack of sutTictent data at this time. Also. further efforts to
improve the accuracy of the asstnptions used in colculating the figures in
the table will be carried out.

Fable 3 does not rellect the value of benefits of fiber optics wiich
are difticult or impossible to quantity (e.g.. security, EMTimmunity. Tire
resistuncey. In some applications it is probable that such benetits are ol
more signihicance than the quantifiable benelits,

CALCULATION OF BENEFITS

1t is assumed in the benefit caleulations that single-mode und malu-
mode fiber-optic transmission lines can be procured at a cost of 83.00 per
meter and that the cost ol other components (emitters. detectors, [OCS) can
be neglected. These caleulations are presented below:

a. Aircraft. 1vis anticipated that data bus s will handle most of the
sienals transterred in military aircraft of the carly 1980s. However. certain
wide-bandwidth signals in electronic wartare, weapons control. and control
and display subsystems will still be carried by point-to-point links. 1t is
estiniated that fiber optics could replace 90 meters of electrical cable per
aireratt in point-to-point hinks, at a savings of 13,5 kegm (30 1b) 'n weight,
and 140 meters of cable in the main data bns, at i savings ot 40 kgm (90 1b).
The weight penalty is estimated 1o be S880 per kgm (8400 per pound) in pro-
curement costs and S1300 per kgm (S600 per pound) i operating and
nmaintenance costs over the life of the aircratt. Based on these figures. the
use of tiber optics would save $30.000 per aireraft for point-to-point links
aind $90.000 tor the data bus. Using the recent Do) procurement rate of
abotrt 330 new aircraft per year. this wonld mein savings of about §10
million per year for point-to-point links and $30 nullion per year for the
dita bus.

b. Ships and Submarines. The data bus is also expe.ted 1o play o
negor role in the 1980 gencration of ships and submarmes, with point-to-
pomt links being retmned for some Ingh-bandwidth computer and sensor
imformation. Weight savings are not nearly as important for conventional
maval vessels as for aireraft. The main savings from using fiber optics for
ships and submarines would be in cable procurement and installation costs.
Fora destroyer, fiber opties could replace 1800 m of the main data bus, at
asavings of S33 per meter. for a total savings of $400.000 per ship. Tor
point-te-point tinks, tiber optics could replace 1200 m of electrical cable. at
asivings of S50 per meter. The total savings is S60.000 per ship for pomt-
to-point hinks and S400.000 per ship for the data bus. Phe figire for cub-
nuirines is assumed to be 8077 of that for the destrover. Based ¢aa recent

: procurement rate of seven destroyers and five submarines per vear. the total
savings are estimated to be S0.0 million per year for point-to-point links and
S4 4 milhion per year for the data bus.




¢. Towed Array. The cost of a towed array cable for a destroyer is
presently $30.000. However, bandwidth requirements are expected to
increase by an order ol magnitude in the next 5 years. which would raise the
cost of the cable 1o §90.000. The use of fiber optics could save $70.000 per
cable. Assuming that each new destroyer is supplicd with a towed array and
that seven new destroyers are produced per vear, the savings due to using
fiber optics would be about $0.5 million per vear.

d. Submersible Cable. One DoD communications application requires
a high-bundwidth signal to be transmitted over a distance of several kilometers
in a submersible cable. The needed bandwidth is unattainable using clectri-
cal cable. but is easily within the capability of fiber optics. The value
(tutility) to DoD of having this capability is estimated at $S million per year.

¢. Submarine Hull Penetrations. There are about 200 penetrations
for bringing clectrical signals through the hull of a typical submarine. The
use of Fiber optics for transmitting the signals through the hull would reduce
the size, and therefore the cost. of the hult penetrations. At an estimated
savings oF $2500 per hull penetration. the total suvings would he $500.000
per submarine. At a procurement riate ol five submarines per year. this adds
up to a total savings ot $2.5 mitlion per yeur.

These guidelines will be applied to cach Dob application area in the
Tuture as the necessary data are collected and assumptions are examined and
mproved.

MATERIAL AND DEVICE PHYSICS

Experimental and theoretical work on 10C devices and fabrication
technigues has been undertaken at NELC, the University of Washington.
UCLA. and Hughes Research Laboratories. The general arcas of concentra-
tion for cach investigator were indicated in the introduction to this report.
This section describes the most recent (to 31 March 1973) results at NELC
(diffused wavegu. "rs, waveguide electro-optic phase modulators. multilayer
epitaxial waveguide structures. prototy pe communication systems). at UCLA
(theoretical calculations on waveguides). at the University of Washington
(microwave and optical coupling to 1OC components). and at HRL (electron
beam Tabrication technigues for 10Cs).

DIFFUSED WAVEGUIDES

The Tabrication of waveguides by diltusion has been reported pre-
viously (rel' 7 and 8). The processing has improved steadily to the point that
scattering is no longer detectable from the waveguides. Exact measurement
of losses in the ditTused waveguides in Zn [=xCdSeand €S| _(Sey isno
longer possible due to the difficulty in obtaining single-cryvstal ZnSe and CdS
commercially in sizes larger than | cm. Losses are conservatively estimated
to he 2 dB/em in Zn 1= x (U Se usmg powder diffusant sources. and are prob-
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ably under T dBcm. Frgure 1 shows the surlace of s Zng g 5Cdg ggsSe
wanverutde and an adpieent electrode Gsee WANVTGUIDE TLECTRO-OPTIC
MODULATORS) taken at 30,000 X with a scanning clectron microscope
(SEMY The object i the gutding area was the only one ina 2-mm leneth ol
surde. Absorption losses due to the tid ol the absorption edge in
(’\ISI_\Sc\ will Bt cundes i thies material to about 3 dB em at 6328 A
but at loneer wanvelengths this loss should be much less, Losses due to the
dabsorption edee in /.nl_\('«l\.\'c should be less than 0.5 dB emat 6328 A

Froge 10 Surtaee of 7‘”().‘” 5(“'(),()855“ wavegtide ind adgacent eleciiode (30,000 X)

Comventional photolithography techniques iare now being used to
produce diffused waveguides. S10 s REF sputtered onto polished substrates,
and Shipley AZ-1350 photoresist is used 1o mask the Si0- laver. The photo-
restst is exposed to ulteaviolet (UVY Light through chrome-on-ghiss mask
and then developed. The SiOs Layver not covered with photoresist is RI-
sprtter-ctehed awav ., leaving thie substrite bire Tor subhsequent diftusion.
\lthoueh opucal photolithography cmnot approach the quality ol electron-
heant exposure ol photoresist, the index gradient of the ditfusion process
clicctively simooths the pattern edaes, giving verv-low-loss guides.




Diffusion data on cadmium and selenium ditfusion into ZnS, ZnSe.
and CdS are not complete. Of the most important systems. S¢ into CdS and
Cd into ZnSe. only the tormer has been measured (ref 9). Accordingly.
experiments were performed to determine the diltusion parameters of cad-
mium into ZnSe. I data on composition versus refractive index are available
or reasonable assumptions can be made about the relationship. then retric-
tive index ve -<.s depth can be infoied from composition-versus-depth
diftusion data.

Diffusions of cadmium into single-crystal ZnSe were done Tor viarious
diffusion conditions. The photoluminescence spectrum of the diffused cry-
stal is related to the bandgap or composition at the crystal surfuace for exci-
tation at short wavelengths. By successively removing material from the
surlace and measuring spectral positions of emission peaks versus depth into
the crystal, one obtains bandgap versus depth (ref 10). Relating bandgap to
composition and composition to refractive index. we obtain the index profile.

The “edge” emission band from ZnSe excited with UV light from a
200-W mercury are was used as the characteristic Teature for the emission
measurements.  Undoped ZnSe exhibits the edge emission peak at 4585 A,
This peak shifts to longer wavelengths as the mole fraction of cadmium
increases. The corresponding peak in CdSe occurs at 7060 A. For small
values (€ 107) of the mole fraction of cadmium. the bandgap or edge CLNS-
sion is assumed to be linear with composition. The diffused crystal is etched
with a bromine-methanol solution and the spectral position of the edge
emission redetermined. By measuring how much material was removed by
the eteh. a composition-versus-depth profile is deduced.

Most of the composition-versus-depth profiles could be best fitted
with a complementary crror function of form

C(x) = C, ERFC (x/A)

where x is the depth, Cis the surface composition, and A is a constant.
Theoretical analysis of diffusion from an inexhaustible source of diffusant
gives

C(x.1) = €, ERFC (x/2vD)

where D is the diffusion coefficient, a function of temperature, and tis

the diffusion time. Sotie ol the profiles at high surface concentrations and
farge depths could be fitted with several curves, the most common being
exponential for a short distance followed by a Gaussiun variation. In the
worst cases. the error function fit was still quite good. however, so considera-
tion of higher-order diffusion progesses is unnecessary for the purpose of
interest here. Figure 2 summarizes the diffusion data for a variety of condi-
tions. The variation of D for saturated-cadmium-vapor diffusion Is given by

1.87 ¢V
kT

D=6.39x% 1074 LXP(- )
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Figure 2. Diffusion of cadmium into ZnSe for various conditions. !

in the range 700 to 950° C. where k is the Boltzman constant and T is the
temperature

Raractive index versus composition is assumed to vary linearly for
small composition changes in ZnSe. Lxtrapolating the data of Lisitsa et al.
(ref 1 1) on the retractive index of CdSSe. an “ettective™ retractive index,
n. ot 2.84 tor CdSe ut 6328 Ris used. Using this value for CdSe. the
retractive index at 6328 A for ZI]I_\(‘(let‘ 15 given by

ig'* 2.58 (1 +0.253x).

With ng a lincar function of x, the refractive iadex profile of a diftused ZnSe
crystal is also a complementary error function. Work at NELC (ret 12) indi-
cates that the mode propagation behavior in planar guides with refractive
index profiles such as exponential, lincar. Gaussian. and complementary
crror function is not a strong function of the profile shape. As a rule of
thumb. the number of modes propagating in an error-function-profile planar




guide of dimension x measured at 20% of surface index value 1s about the
same as the number of modes in the well-known square profile of the same
dimension and surface index.

WAVEGUIDE ELECTRO-OPTIC PHASE MODULATORS

The general problem of electro-optic modulation is discussed in
reference 13. Electro-optic (EO) modulation in waveguiding regions has
been known for many years. A previous NELC report (ref 1) described
waveguide EO modulation in planar ZnSe epitaxial layers on GaAs. Figure
3 shows the crystallographic orientation of diffused-waveguide optical modu-
fators (ref 14) in ZnSe and CdS. Two clectrode configurations were used to
produce two different ficld operations clectrodes on top of the waveguide
(with a low index optical bulfer of Si05) and the bottom of the substrate
(transverse clectrodes) and electrodes on cach side of the waveguide (paral-
lel electrodes).

Y

/ PROPAGATION
=

{110)

(1120

17001 Y
PROPAGATION

Figure 3. Orientation of diffused-waveguide optical modulators in
ZnSe (a.) and CdS (b.).
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The polar.zation phase shift at 6328 & per applied field tor transverse elec-
trodes is (ret 15)

FZnse = T(5.4 X 107 volt) CE,

Pegs =732 X 1073 /volt) ¢ I,

where E, is the applied electric field and ¢ is the interaction lengtli. For
modulators with parallel electrodes (E in the x direction), the phase shifts

become

Fznse = 7(1.08 X 10™*valt) ¢ E

Fegs =18 X 1074 vol ¢k,

Fora givei applied voltage. k., is inversely proportional to modulator thick-
ness. Capacitance also varies as inverse thickness: so large electric fickds
imply high capacitance for modulators requiring small voltages. Lower
capacitance and higher fields are possible with clectrodes parallel to and on
cach side of the waveguide. giving fields in the x direction.

Figure 4 shows a cross section of the parallcl-clectrode geometry.
Using conformal mapping techniques (ref 16 and 17). the fickd variation in
the x direction at 2= 0 is given by

/
’ b\() i 4 ﬂ)( 5 11”_”1
be = ek oS = AT MNE - = =
N Ka/b)y
where 2V, is the potential difference between the two electrodes and Kta/b)
is the complete elliptic integral of the first kind. Field variation in the 2
direction at x = 0 is given by

3 hVO

b= Karm)

(27 +a2)2? +bhy 12

Capacitance per unit length of this structure is

._ _Kitu/bh)
Kta/b)

where e is the diclectric permittivity of the medium and K (a/b) =

hl 9 ] 1 . f . = -
K[(1-a=/b! =1, Fora/b=1/3 (cqual clectrode width and spacing). with
airat 2> 0 and ZnSce at 2 < 0.

C~ 0.7 pl/em

4
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Figure 4. Cross section of parallel-clecirode geometry
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Figure 5. Field varimion asa function of 2z a1 x = 0.

which is very small compared to a parallel-plate capacitor of equivalent
geometry. Figures 5,6 and 7 show Tield variations for selected geometries
and variations in capacitance and field with varying aspect ratio, a/b. Figure
7 indicates that. Tor highest fields and least capacitance. a/b should he ahout
0.5. Power requirements For these modulators are determined essentially by
the S0-ohm-load resistor used to match generator and cable impedance (see
MICROWAVE AND OPTICAL COUPLING TO 10C COMPONENTS).
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Figure 6. Field variation as a function of x at z = 0.
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Figure 7. Variations in capacitance and field with varying aspect ratio a/b.

7 Table 4 summarizes data on several modulators. Figure 8 shows an
} oscillograph trace of a parallel-clectrode modulator, Detectorlimited rise
times on the order of 1 nsec and ¢w modulation of 200 MHz have been
observed with similar devices. Quantitative measurements of rise times
await the acquisition of faster detectors.




TABLE 4. SUMMARY OF MODULATOR DATA.

Surface Guide
Refractive Dimensions.
Sample Index, “7 An Mm

Interaction
Length, cm

Rise Time
\'_I.\nll\ (10-90%%)

Transverse E field (E I z) diffused waveguides

€dSg 955¢0 05 0.75 19x 19
Zn“ ‘lii(.d(i,()b'isc 0.85 1.6x 19
/“U_‘):(.d()_l)xs" 0.80 1.6 x 19

Epitaxy on GaAs (E 1 72)
VAL 19 thick
nSe 10.5 thick

Parallel E Field (E I x) diftused waveguides

(\!SU\)SsL(),): 0.75 1.9x 19
l””.‘)] i(dl)())ﬁg“ 085 1.6x 19

Figure 8. Oscillograph of modulator pertormance

trace is drive voltage, 25 V/DIV

0.40

0.40

0.25

0.22

145 0.5 MSCC
154 SO nsec
68 X 120 nsec
115 ISU Nnsee
825 150 nsec
372 12 usec
720 <5 nsec

Top trace is light output: bottom

Horizontal scale s 20 nsec’ DIV



MULTILAYLER EPITAXIAL WAVEGUIDE STRUCTURES

The previous report (ref 1) of work under this program described
proposed multilayer epitaxial layers of ZnSeTe and ZnCdSe o /nSe on a
GuAs substrate as promising structures, Delivery has been taken on both
systems from Photoelectronic Materials Corporation, and preliminary data
indicate that extremely low-loss guiding is obtained. Subsequent waveguide
Tabrication techniques (the structures themselves are excellent planar wave-
guides) to produce delined geometries are not completely established; how-
ever.ion machining and diffusion doping are excellent candidates.

THEORETICAL CALCULATIONS ON WAVEGUIDES

The problem of propagation in nonuniform waveguides is currently
bemg addressed. The most recent work (rel 18) involves analysis ol the
waveguiding properties of three types of periodic structures in wavegtides
which may have important applications as frequency-selective couplers.
lilters. and distributed feedback lasers and in phase-matching-waveguide
nonlinear processes.

General solutions to the wave equation are derived in the case of
periodically varying media. where

e(Z)=c| [1+5 I(Kz)|

The diclectric permittivity is expressed in terms ol the constants n and k
and 1(¢), a periodic function. The solutions involve summations of space
harmonics in Flogquet Torm and Fourier decomposition ol the permittivity.
Three cases are of interest:

1. Longitudinally inhomogeneous thin-lilm waveguide. In this type
of periodic waveguide, the permittivity varies as

e(z)= €] [1 +ncos(Kz)|




with the waveguide imbedded in a region of lower permittivity, €5, as in
figure 9a.

61(2) =€ [_1 + 1 cos (Kz)]

: i

o [

a. LONGITUDINALLY INHOMOGENEOUS
THIN-FILM WAVEGUIDE

€ol2) = c2 1+ncos(K1)_]

(LA

x
L j—— 21K 2L
€

T

€5(2)

b. HOMOGENEOUS GUIDE IMBEDDED
IN A PERIODIC MEDIUM

. i po= N oy
SRR \/

" €, L= [+ 1 cos Kzl
T—? T,

2n/K ——-—I

c. HOMOGENEOUS GUIDE WITH SINUSOIDAL
HEIGHT VARIATION

Figure 9. Several configurations for theoretical waveguide calculations.

2. Homogencous guide imbedded in a periodic medium. In this con-
figuration, the diclectric surrounding the waveguide contains longitudinally
periodic variations in permittivity. as in figure 9b.

€4(2) = eq |1 + 5 cos(Kz)|




3. Homogcencous guide with sinusoidal height variation. In this con-
figuration. . periodic varation in the guide height is considered, as in figure
e,

Lezoy= L[] + 5 costK2)]

Pernunent perniodic structures can be formed in a large variety ot
wiys, inchirding machiming. ion implantation. diftusion doping and photo-
polymerization. Dyvnamic periodic variations in permittivity can be accom-
plished with clectro-. magneto-. and acousto-optical techniques. Devices
employing periodic structures include distributed Teedback Lisers, grating
couplers, and sicousto-, magneto-, and clectro-optic modulators. An arca off
interest m using periodic structures is Tor phase matching in nonlinecar inter-
actions. with applications in up conversion. sccond-harmonic generation, and
parametric oscillaters,

An important application of tmmediate interest is the trequency-
selective coupler. The use ol a distributed. periodic coupling structure
between two waveguides allows the selection of a particular Irequency (wive-
length) even if the guide can carry a lirge number of dilferent Irequendies.
Proper selection of device parameters may allow coupling at several selected
frequencies and. it the periodic structure is of the dynamic type. variable-
frequency lilters are possible. The same techniques can be extended to the
construction of waveguide filters in which a particular Irequency can be
attenuated strongly in a short distance.

MICROWAVE AND OPTICAL COUPLING TO 10C COMPONENTS

The problem of coupling microwave and optical power most
efficiently into 10C components is being studied. As an example of tvpical
device characteristics to be considered. an optical-wavegaide diflraction
maodulator was analyzed in terms of parameters that atfeco ulumate overall
performance. Thin-tilm liguid-wavegmide diftraction modulators with inter-
digital electrodes (ret 19 and 20) are representative ol a large class ot 10C
devices which require optimization with respect to performance. A com-
plete treatment of these considerations is Tound in reference 21.

Figure 10 shows i cross section ol the modulator contiguration. The
clectric field within the wavegaide is Tound to be approximately

: ; . yV TV \’|
B, v Ay lexp —nz,’lu)[ sm(:—j y) - cos(I—.) x) J

-t —-t

with

]

Ki)._. 3’[<I +£—:—>cx ;—:)+(l —%)cxp(— gl)}




— N

SUBSTRATE

WAVEGUIDE

? t ISOLATION LAYER
e ‘ -I S 3,.—__..‘_ e -—

Vo -8 -b 0 b a Vo
ELECTRODE

Figure 10. Cross sectton of ophical hquid-waveguide diffraction modulator.
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A /A represents a loss in the field strength because of the isolation layer.
€| and e~ are the diclectric permittivities of the isolation layer (Si05) and
the waveguide layer (nitrobenzene). respectively. A 1A is on the order of 1.
At clectrical modulation wavelengths that are larger than the device
dimensions. the modulator can be modeled as a discrete-component cireut,
Figure 11 shows the equivalent circuit used for the catculations. C,. Cy,. €
3
¢4 are caleulated in reference 21 for this modulator configuration. With
losses present in the diclectrics forming the modulator. a conductance. ('-d.

must be introduced which relates to the loss tangent of waveguide dielectric:
Pyl
=w—— C; =tmdC
d €A d d

e O
(.(I——-C

€

where ¢ and tan & are the conductivity and diclectric loss tangent, respee-
tively. For most semiconductor or crystal electro-optic modulators. tan )




Figure 11. Opticat-waveguide diffraction modulator modeled as thiee
discrete-component circuits.

is very small. The low-frequency cutoft of this modulator configuration is
found to be

The high-frequency cutoff is found from considering termination of the
voltage driver in its characteristic impedance (Ry) to avoid reflected power
(fig. 12aand 12¢):

Al e ool
WFC T TR

A modulator with external circuitry for resonant tuning at a frequency lo
(fig. 12b and 12d) has bandwidth

BW [B (G o,
W = BW E— = zﬂfORS(
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Figure 12, Modutator lumped-parameter circuits for- modulator only (a.),
resonant tuning (b.), modulator with a transiission line of
characteristic impedance Z = RS (c¢.). and resonanit tuning

with a transmission line (d.).

As might be expected, the magnitude ol C“is most important for high-
frequency performance. With short electrodes, a small number ol clectrode
pairs and moderate electrode-spacing capacitances on the order ol pico-
farads may be achieved. For systems with R =50 2, 3-GHz modulation is
possible in principle. Capacitances on the order of 0.5 pl*/mm per electrode
pair are typical of the interdigital clectrode modulators studicd here. For
comparison of various devices, the figure of merit is used with the lumped-
component circuit of figure 1 la. The figure of merit is the ratio of the
power dissipated in R at cutoff to the cutoff frequency. f.:

] )
PR = Vp"/Rs =

" |

';'

t9

Q2 (€ RY,

Expressing Ry in terms of the bandwidth,




It Vp is tuken as the voltage required for 1007 modulation. the figure ol

merit becomes

l)
)
BW & nL

=
AR
my A, v/ 2a

where W is the device width, W = 3aN (where Nis the number of clectrode
pairs): L is the electrode length:and K is the Kerr constant for the nitro-

1

benzene wavegdide. As an approximation using (—_L) =0.2 pl'/mm, the
)

figure of merit is on the order of

l)
b

—_— e =y
oy~ 01100 W/ 2l

If 2u ~ | um. the figure of merit is on the order of (103\\') watts/Gllz.
When the modulator width W is on the order of i few micrometers. less
than | watt/GHz of power is required.

Flectrical coupling of microwave energy into modulator structures
mav be done quite efficiently with slotted transmission lines or strip-hae
technology. Careful matching of impedances will be necessary for optimum
nticrowave coupling to these devices.

ELECTRON-BEAM FABRICATION TECHNIQUES FOR 10Cs

It is well known that conventional photolithographic techniques
do not possess the inherent edge smoothness and resolution necessiry tor
ultimate fabrication of 10C components. Some fabrication techniques, such
as diffusion described carlier in this report. can use conventional photo-
lithography for establishing large patterns. Regardless of process, however.
the extremely small dimensions and close tolerances required for devices
such as waveguide couplers make a controllable fabrication technique. such
as scanning-clectron-microscope exposure of a resist material. the process
of choice.

The SEM microfabrication facility at Hughes Research Laboratorics
is known for a high-resolution pattern-gencration capability. Under con-
tract to NELC (ref 22). HRL is engaged in the development of techniques
suitable for high-resolution fabrication of patterns for 10C components.
Figure 13 shows some possible fabrication processcs.

Several techniques that show promise were used to fabricate poten-
tial waveguiding and/or masking structures in polymers. Direct SEM
exposure without development in polymethyl methacrylate (PMM) pro-
duced changes in the resist film which can be assoviated with refractive
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ndes changes. Devdopment ol the S posed resist produces ridgees ol PV
which can be used to guide light with no fmrther processing. Ligure 14 shows
sote iy preal PMM patters Tabricated on Si0s layers witl silicon stubstrates
A tocused beam Trom a He-Ne Laser was used To excite the f-um-high wave
gundesand guidimg was observed in these stractures by seattered ighit ny the
polymer. Apparent in figure 13 is the extreme cdge smoothiness possible
with the SN technique,

SIO~ was RE sputtered and chiemical-vapor deposited (CVDY on
silicon substrates, then either chenucally etehied or on-bemn machined.
ustng SEM-exposed PMM. Figure 135 shows chiemically etehed. CVD Si04 on
silicon AHil-ofT technique was also used witlh RI: sputtered 7050 slass
Films on thermally grown Si0~ on siticon stubstrates. but this technique pro-
duced quite severe edge roughness.

Figore 14, Ty preal PMM paticin fabricared on Si0- Tavers wath sificon stibstrares




Figure 15, Chemcally ctehed. chemical-vapor-deposited Si05 on silicon




A very promising tecimique is resist replacement. In this process.
the exposed and developed resist pattern is used in a lilt-olT technique to
leave on the substrate a material with superior resistance to ion-beam micro-
machining. Aluminum can be used as well as manganese metal films. which
show greitter resistance to the ion beam.

PMM is the most common resist for SEM exposure, but several other
polymers are candidates that show qualities which may be superior Tor some
applications. Polyglycidyl methacrylate (PGM). epoxidized polybutadience
(EPB). polyvinyl siloxane (PVS). and polyphenyl siloxane (PPS) are being
considered as possible replacements in PMM applications for which PMM is
not well suited. 1

PROTOTYPE COMMUNICATION SYSTEMS

To provide guidance to the program and to characterize. evaluate.
and demonstrate the components and their performance. three guided-wave
optic breadboard systems have been projected. These prototype systems
are described in table S, and the ascending capabilities and types of com-
ponents required are presented. These systems were chosen to exemplity
representative DoD communications needs and provide the basis for
advanced and engineering development phases of component and system
development.

TABLE 5. PROTOTYPE 10C COMMUNICATION SYSTEMS.

SYSTEM

] & 3
Component Configuration Discrete Hybrid Hybrid/integrated
Type of Link Point-to-point + Repeater Data bus (FDM)

Bandwidth 500 MHz 1 GHz 5 GHz

( Source — | wavelength —— o X Many wavelengths

Modulator X — X

Detector - X - X

Blainanis 10C-fiber coupler —— . X

Multipole switch ——— s X

Frequency selective coupler

Fiber waveguide

Muitimode Single mode ———— = X
Estimated Completion Date Jan 74 Jun 75 Jun 76

34




SUMMARY

Fibe: optics will offer major benefits to military communications
in the near term. with discrete-component, multimode-fiber systems. and in
the tuture. with FOCs and single-miede fiber systems. The nmportant prop-
erties of these systems witl include:

1. EMI immunity

2. Security — no signal leakage

3. Large bandwidth

4. Smalt size and light weight

Consideration of applications assessment indicates that avionics data
transter is likely to be the Tirst arca that witl benefit trom fiber-optic
technology. Definite decreases in initial cost and weight are obtainable
using tiber-optic transmission lines. General applications areas are:

1. Avionics. properties 1 to 4 above. Tor Jower-cost point-to-point
svstems.

2. Shipboard applications. properties 1 to 4 above, tor lower-cost
point-to-point systems.

3. Undersea applications. providing small, Lightweight. wide-
bandwidth data channels in cables for arrays, tethers. and long point-to-
point links.

4. Land-based applications. which include system weight reductions
in mobile command control systems and secure, wide-bandwidth Lundtines.

5. Data bus applications. which. using fiber-optic transmission lines.
couplers. and switches. promise to have wide impact in avionics, high-
performance surface cratt, and shipboard systems performance.

A cost-benefit was begun and analysis indicates potential savings of
several million dollars in several applications arcas from R&D investments
in fiber-optic technology. The arcas of potentially largest savings thus tar
are the aireraft data-bus concept, aircrat't point-to-point links. undersea
cables, shipboard data-bus systems. and submarine hull penetrations, Pre-
liminary analysis using the net-present-value method indicates a potential
savings of more than $150 million over a 20-year period if tiber-optic
technology is utilized in the above areas.

Integrated optical circuits will be necessary to provide efficient coupling,
switching. and frequency-division multiplexing and to utilize the tull bundwidth
and the data bus capabilities of the fiber-optic transmission lines. The materiat
and device physics necessary to fabricate 10C clements have progressed rapidly
in recent months. Some highlights of the program include:

1. Ditfusion parameters have been improved to produce low-loss
waveguides in ZnSe and CdS using conventional photoresist technology.

2. Uttrafast waveguide electro-optic modulation in ZnSe and Cds
has been demonstrated. Devices with optical pulse rise times of less than §
nsee have been Tabricated which require less than 40 volts for operation.




3. Multilaver heteroepitasial films of ZnCdSe and ZnSc'le on
! GaAs substrates have been acquired for study as optically active waveguides
and device substrates.

4. Theoretical calculations have been made For a varicty ol periodi-
cally varyinz diclectric-coeticient geometries. Several promising structures
and devices using periodic varrtion are being studied.

5. The coupling of microwave and optice wonto 1OC com-
ponents has been explored using an clectro-opii .ulator structure that
is representative of ty pical devices encountered. o gure-of-merit calculations
indicate that power requirements for various device parimeters are very
low.

6. Electron-beam exposure of resist materials and subsequent Fabri-
cation hus been used to demonstrate tabrication capability and to construct
waveguides with excellent edge quality in polymethyl methacrylate and
Si0.

7. Prototy pe coimmunications systems employine discrete compon-
ents. tiber optics, and eventually 10C components have been proposed s
demonstration and test-bed optical inks for the communication systems of
the future.

In conclusion, tiber-optic and tOC technologies are advancing
rapidly. Even as this report is being written, improvements and develop-
ments on Fiber-optic and 10C devices and components are rapidly bringing
the level of technology to that of the realizable systems required tor a wide
varicty of Do) tasks.

. N p———
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